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ABSTRACT

Although cochlear implants are an established method of restoring hearing, they can have limitations such as
increasing current spread and decreasing frequency resolution due to tissue growth around the electrode array.
Impedance measurements in cochlear implants have become a versatile tool for intra- and post-operative
diagnosis of cochlear implant state. However, most clinical devices use current pulse stimulation already
available in the implants and analyze the voltage response in the time-domain and spread along the cochlea. To
use the full potential of impedance spectroscopy in differentiating cell types, measurement over an extended
frequency range is required. This study presents a simple electrical equivalent circuit for impedance spectroscopy
with cochlear implants in a 2-pole configuration. The electrical equivalent circuit describes the electrical
properties of the cochlear implant electrode and its electrochemical behavior at the electrode-electrolyte
interface by comparing two non-linear bilayer models, Cole-Cole and Schwan-Faraday. The model is validated
for four cochlear implant electrodes from four different manufacturers (MED-EL FlexSoft, AB HiFocus SlimJ,
Oticon EVO, Cochlear Nucleus CI622) characterized by impedance spectroscopy between 5 Hz and 13 MHz. In
the future, this electrical equivalent circuit may help to extract parameters for differentiating cell types around
the cochlear implant electrode from an impedance spectroscopic measurement.

1. Introduction

According to an estimate of the World Health Organization (WHO)
currently more than 700 million people suffer from disabling hearing
loss worldwide [1,2]. In profound deaf patients, cochlear implants (CI)
are an established method to restore hearing by electrically stimulating
the spiral ganglion cells in the inner ear. These neuro-implants suc-
cessfully allow speech recognition in adults and children and more than
800.000 patients were implanted worldwide in 2020 [3]. However, CIs
have major technical limitations such as insufficient speech intelligi-
bility in noisy environments and limited frequency resolution. Addi-
tionally, pathological processes as osseous and fibrotic tissue growth
around the electrode array in the inner ear may increase current spread,
decreasing frequency resolution and patient benefit further [4]. As many
of the possible sources for variability and limited patient benefit are
unknown, diagnostic methods to improve device fitting and to give an
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insight into the local status of the cochlea intra- and post-operatively are
desirable. Current available methods mainly include the recording of
acoustically [5] and electrically evoked potentials [6] and the mea-
surement of electrode impedances.

The latter, initially were intended to test device integrity, but have
developed to a versatile tool for intra-operative [7,8] and post-operative
[9,10] diagnosis of the cochlear implant state. Clinically used devices
today are mostly restricted to simple rectangular constant current
stimuli, covering only a limited frequency range. The clinically used
impedance is usually derived from the voltage measured at a fixed time
during the rectangular current pulse. This basic gross impedance
magnitude, averaging across frequencies contained in the rectangular
stimulus and the electrical environment of the electrode array, already
serves multiple diagnostic purposes, such as e.g. the intra-operative
detection of tip-fold-overs with transimpedance matrices (TIM, [11,
12]), determination of full insertion [13] and electrode array position
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[14].

Impedance spectroscopy over an extended frequency range is used
for the detailed analysis of tissue properties and distinction of different
cell types [15]. However, to resolve the impedance of the investigated
tissue requires proper description of the connecting electric circuit in
electrical terms in order to extract the tissue properties. In cochlear
implant electrode arrays the impedance, measured at the implant is
dominated by the array, the long connection lines, their internal
configuration, the bilayer at the platinum/perilymph interface and the
return pathway. The usual approach to measure the impedance between
one of the electrodes and an extra-cochlear reference electrode has the
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disadvantage that the return pathway and the reference electrode
impedance is unknown. Although, in many cases the reference electrode
impedance can be assumed to be low enough to be neglected, the return
pathway constitutes an underdetermined system [12,16]. Here, finite
element models of the cochlear and tissue geometry can give an un-
derstanding of the current pathways [16-18], but assumptions of the
electrical properties have to be made that decrease the accuracy of the
impedance measurement at the site of interest close to the electrodes,
inside the cochlea. Three-pole impedance measurement configuration
provide a valuable tool to investigate single electrode bilayer imped-
ances, but usually take no connection lines into account and are difficult
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Fig. 1. Geometries of the investigated CI arrays of MED-EL FlexSoft, Advanced Bionics HiFocus SlimJ, Oticon EVO and Cochlear Nucleus CI622 used in FEM

simulation. The Pt-stimulation electrodes are embedded in a silicone carrier.
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to be implemented in intra-cochlear arrays [19]. Four-pole impedance
measurement configurations, that use a constant current stimulus be-
tween two outer electrodes of unknown impedance, while measuring the
voltage across two high impedance inner electrodes, promise a better
defined current pathway in the vicinity of the array and thus local res-
olution of impedances close to the electrodes [20]. However, precise
measurements in this configuration still require knowledge of the cur-
rent density in the inner electrodes measuring the voltage and the actual
current will also depend on the crosstalk, i.e. the capacitance between
the connection lines of the current-supplying outer electrodes. Another
possibility is to electrically characterize a two-pole (2-pole) configura-
tion in advance and compensate for it in later measurements. Although
this alternative approach does not separate the current pathway from
the voltage sensing, it provides several advantages such as a very small
sensitive volume, simple circuitry with less electrodes involved and the
independence of the long-range return pathway.

In the study presented here, we intended a bottom-up approach by
first generating and validating an electrical equivalent circuit (EEC)
model of the electrical properties of two adjacent electrodes of the array
in a 2-pole configuration in a defined electrolytic environment. For the
non-linear bilayer in the EEC two physico-chemical models from Cole-
Cole and Schwan-Faraday were compared with each other regarding
their accuracy and suitability to describe actual measurement result.

Finally, four CIs from four different manufacturers: MED-EL FlexSoft,
Advanced Bionics HiFocus SlimJ, Oticon EVO and Cochlear Nucleus
CI622 were investigated by impedance spectroscopy. The model was
validated for all types and their electrical behavior was analyzed and
compared.

2. Materials and methods

The cochlear implant electrodes utilized in this study were provided
by four distinct device manufacturers: MED-EL Medical Electronics
GmbH (MED-EL, Innsbruck, Austria), Advanced Bionics LLC (AB,
Valencia, CA, USA), Oticon Medical/Neurelec SAS (Oticon, Vallauris,
France) and Cochlear Ltd. (Cochlear, Sydney, Australia). The cochlear
implant electrodes came either with an electrical adapter or were con-
nected by a small custom-made printed circuit board (PCB) for repro-
ducible connection.

Each CI electrode consists of a cable and an electrode array that
carries the intra-cochlear stimulation electrodes (SEs). Depending on the
manufacturer and model, electrode arrays have different numbers of
platinum (Pt) SEs of different shape and size embedded into silicone
carriers with different geometry as depicted in Fig. 1.

Each SE is connected to the implant by a fine wire typically made of
platinum or platinum-iridium as a connection line. Just like the di-
mensions of the electrode array, the arrangement of the wires in the
silicone carrier of the cable which lead to the SEs and their cross section,
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also vary between the different manufacturers (Fig. 2).

Table 1 provides an overview of the specific design parameters
associated with each CI electrode regarding stimulation electrodes and
wires that were investigated in our study. The SEs are numbered
throughout the text in ascending order from the apex (SE1) to the base
(Fig. 1).

2.1. Impedance measurement

For all four CI electrodes the complex impedance between two
neighboring SEs was measured with an impedance analyzer (HP4192A,
Hewlett-Packard Ltd., now: Agilent Technologies Inc., Santa Clara, CA,
USA). Prior to measurement, all CI electrodes were cleaned by rinsing
them in a solution of enzyme-active detergent Tergazyme® (cat. No.
1304-1, Lot MKCM5800, Alconox Critical Cleaning Experts, New York,
USA) for 15 min to remove possible deposits present on the electrodes.
Afterwards, all surfaces of the CI electrodes were cleaned by placing
them in distilled water for 5 min. A test fixture (16,047, Hewlett-Packard
Ltd., now: Agilent Technologies Inc., Santa Clara, CA, USA) was used to
connect the CI electrodes to the impedance analyzer. The CI electrodes
(MED-EL FlexSoft, AB HiFocus SlimJ, Oticon EVO, Cochlear Nucleus
CI622) were placed in a linear cochlea phantom (inner & 1.2 mm, height
25 mm) in a cylinder made of epoxy (outer @ 25 mm, height 35 mm)
filled with artificial perilymph (supplementary information Table S1)
[28]. The impedance analyzer was calibrated performing a short and
open measurement at the end of the test fixture as described in the
impedance analyzer’s manual [29]. After calibration, the impedance
spectroscopy was performed between all neighboring pairs of stimula-
tion electrodes at logarithmic frequencies (20 points per decade) from 5
Hz to 13 MHz with an amplitude of 100 mV,ys without external DC bias
voltage using 4192A Sweep Utility software from Kelzenberg [30] at
room temperature.

2.2. Electrical equivalent circuit

Electrically a cochlear implant electrode can be divided into three
parts as shown in Fig. 3— the wires to the SEs inside the silicone carrier of
the cable and the electrode array (green), the bilayer of the SEs and the
electrolyte (orange) and the electrolytic medium between two SEs
(blue).

In the simplest case the wires can be modeled by an electrical
resistance 2 Ry, and 2 R, that is split into a T-circuit for symmetry
reasons with a capacitance C,, formed between two active connecting
wires inside the silicone carrier. The SEs of a cochlear implant are inert
metallic contacts in contact to the perilymph, an electrolyte, in the scala
tympani of the inner ear that form a bilayer at the electrode-electrolyte
interface [31]. Below the Maxwell-Wagner frequency, the electrolyte
between the SEs is modeled by a resistance R, and a capacitance Cy,.

Oticon Cochlear
EVO Nucleus CI622

Fig. 2. Internal structures of the four cochlear implant arrays, showing the shape of SEs and connections in between (upper row) and wire arrangement in the cable

part (bottom row). The length scaling for both rows is given on the left.
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Table 1
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Overview of investigated cochlear implant electrode arrays with their specifications regarding wires and stimulation electrodes.

CI Manufacturer MED-EL [21,22] Advanced Bionics Oticon [24,25] Cochlear [26,27]
[23]
Model FlexSoft HiFocus ™ SlimJ EVO Nucleus CI622
Stimulation electrodes = Number SEs 12 16 20 22
(SEs) Active SE area [mm?] 0.09 (either split or single Minimum 0.12 0.46 to 0.60 0.14 to 0.20
contacts)
Distance between two neighboring SEs [mm] 2.40 1.30 1.20 0.90
Total length of electrode array [mm] 31.50 20 24 19.1
SE shape Ellipsoid/ spherical Flattened Cylindrical Partial cylindrical/
rectangular recessed
Silicone carrier shape Conical/cylinder Conical/semi- Cylinder/ Conical/cylinder
cylinder stepped
Defect SEs 2 None 12; 14; 20 1;5
Wires Material Platinum Platinum-Iridium Platinum- Platinum-Iridium
Iridium
Arrangement Zig zag Spiral Straight Spiral
Effective length of the silicone carrier of the cable  100.00 80.00 190.00 110.00
without SE [mm]
Rva Wires R
|1
A
H Ria e R
Stimulation L Wires
electrode a with
electrode-
electrolyte- Electrode- Electrode-
TR electrolyte- electrolyte-
interface interface
Stimulation Stimulation Stimulation
electrode b with electrode a electrode b
electrode- R
L‘]k‘Ctl'l‘]}'t\‘*
Medium interface e
Cn

Fig. 3. Left: Schematic depiction of a cochlear implant in electrolyte. Right: Hypothetical electrical equivalent circuit of two SEs a and b of a cochlear implant. The
equivalent circuit consists of the connecting wires inside the silicone carrier (green, wire resistances Rya, Ry and capacitance between wires C,p,), the Pt-electrode-
electrolyte interfaces (orange) and the electrolyte between the Pt-SEs (blue, resistance Ry, parallel to capacitance Cy,). Ry, and Cy, also account for surrounding tissue
depending on the current distribution. However, due to the higher permittivity and conductivity of artificial perilymph compared to the surrounding epoxy cylinder,

Rpm and Cp, are dominated by the artificial perilymph in this work.
2.3. Characterization of the wire resistance

Each SE has an own wire that connects the SE with the implant. First,
each SE combination was measured in air as an open circuit measure-
ment to determine the capacitance Cy, (Fig. 3) between the connecting
wires. In this case, the capacitance in air between SEs could be neglected
as demonstrated by FEM analysis in 3.2. Nevertheless, the model shown
in Fig. 3 is an underdetermined system with more undefined variables
than boundary conditions and the resistances arising from the con-
necting wires have to be measured independently. Therefore, a device to
contact the electrodes with a Pt-wire contact was built (Fig. 4) and the
resistance of each electrode with its connecting wire was measured
independently to determine Ry, and R, (Fig. 3).

2.4. Bilayer models for the electrode-electrolyte interface

The electrode-electrolyte interface has already been described by
different models. Here, we investigated two different models for the
bilayer, described by Cole-Cole [32-34] and Schwan-Faraday [35-38].
Both bilayer models investigated are summarized in Table 2.

Platinum is probably the best investigated polarizable electrode
example. For such electrodes in electrolyte, the bilayer shows a pro-

Fixing screw for
Pt-wire contact

—

contact  (J electrode

Fig. 4. Measuring setup for determining the individual wire resistances inside
a CL

nounced non-linear behavior [33,36]. Schwan et al. described the
bilayer as a frequency-dependent polarization capacitance Cp in series
with a frequency-dependent polarization resistance Rp which results in a
constant phase (Table 2) [35,38]. Cole and Cole described the bilayer as
a later called constant phase element (CPE) shown in Table 2 [32-34].
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Table 2
Bilayer models from literature.

Model Cole-Cole [32-34] Schwan-Faraday [35-38]
Electrical
circuit
\ / Cr
CPENY/ Rr
Rr
Rp
Impedance -1

1 ) AR
(g Gt (v&) *&)

Rp ~ f™, Cp ~ f-(17mc)

The CPE models the impedance arising from the electrolytic double layer
capacitance at the electrode surface. Unlike an ideal capacitor, which
has a —90° delay, the CPE exhibits a constant phase shift that deviates
from this ideal behavior. This characteristic makes the CPE a non-ideal
non-linear capacitor [39]. It consists of a capacitance parameter Qcpg
and a CPE exponent —1 < ¢pcpp < 1 [33,40]. Both models are in parallel
to a frequency-independent Faraday resistance Ry to describe electro-
chemical reactions at the electrode-electrolyte interface [33].

The parameters for the Cole-Cole bilayer model were calculated from
the measured impedance magnitude |Z| and the phase angle ¢ (Fig. 5
left). To determine the CPE exponent ¢¢pg, the impedance magnitude
was fitted with a linear regression between 5 Hz and 1 kHz. Knowing
¢cprs the bilayer capacitance parameter Qcpr was calculated from the
impedance magnitude at the frequency where the phase angle is mini-
mal because there the CI behavior is mostly capacitive (purely capacitive
behavior: ¢ = —90°).

For the Schwan-Faraday bilayer model, the parameters were calcu-
lated from the real part Re(Z) and imaginary part Im(Z) of the impedance
measurements (Fig. 5 right). The polarization capacitance Cp has the
highest impact on the imaginary part of the bilayer impedance.
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Therefore, the imaginary part was fitted by a linear regression between 5
Hz and 10 kHz. The gradient of the fitting supplied the frequency
exponent m¢. Cp was calculated with this gradient in the middle of the
fitted frequency range at 200 Hz (Fig. 5 right, blue markers). The pa-
rameters for the polarization resistance Rp and my were determined the
same way in a frequency range between 5 Hz and 1 kHz from the linear
section of the real part (Fig. 5 right, red markers). The frequency
dependence applied to the polarization components can be found in
Table 2.

The parallel resistance Ry was calculated from the complex imped-
ance at the lowest measured frequency of 5 Hz for both models. The
capacitances C,, and Cy, were assumed to have an infinite impedance at
5 Hz and thus to behave like open circuits (Fig. 3 right). Therefore, the
sum of Ry, 2 Ry, and 2 Ry, could be subtracted from the measured
complex impedance at 5 Hz. By resolving the parallel bilayer circuit, the
Faraday resistance Ry was then obtained from the previously calculated
bilayer parameters of the polarization path and the complex impedance
at 5 Hz.

The EECs were evaluated using an error calculation as a measure of
how well the modelled values for complex impedance Z_,4, magnitude
|Z| ,0a and phase angle ¢, 4 represent the measured complex impedance
Zmeas>» magnitude |Z| ... and phase angle ¢,.,s. Therefore, the absolute
error e, for phase angle and the relative errors ez for magnitude and ez
for complex impedance were calculated for each neighboring SE com-
bination for all frequencies f; with i = 1,...N. For those errors, the
arithmetic means e,, €z and e,z across all frequencies (eq. (1) to (3))
and their standard deviations ¢, 67 and oz were calculated.

o=y Z ot ) ~ s ) M
1 [t~ |Zmes ) o
YNE T et

T |Zuenlf) (3)

Additionally, the arithmetic means e,, €; and & and standard

Impedance magnitude |Z]
---------- Imaginary part -Im(Z2)
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Fig. 5. Exemplary impedance measurement between the two most apical SEs of the Oticon EVO electrode. Left: Determination of Cole-Cole parameters from an
impedance measurement analyzing the impedance magnitude |Z| and the phase angle ¢. Right: Determination of Schwan-Faraday parameters from an impedance
measurement analyzing the real part Re(Z) and the imaginary part Im(Z). The diagram shows the negative imaginary part.
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deviations o3, 05z and oz across all neighboring SE combinations were
calculated from the averaged errors across all frequencies.

The parameters for the bilayer models were calculated in MATLAB
R2023b by analyzing the measurement data as described above without
using any further data processing or optimization algorithm.

2.5. Characterization of the interaction between SEs and the surrounding
medium

In simple terms, two SEs in an electrolyte form a capacitor C,, with
the electrolyte as the dielectric and a parallel resistance R, where Ry,
also includes the surrounding tissue. However, due to the higher
permittivity and conductivity of artificial perilymph compared to the
surrounding epoxy, R, and Cy, are dominated by the electrolyte. The
electrolyte resistance R, was for all bilayer models taken from the
impedance magnitude at the frequency where the phase angle was
maximal minus the sum of the wire resistances 2 Ry, and 2 R,,;, as shown
in Fig. 5. At this frequency, the CI behaves mostly resistive (purely
resistive behavior: ¢=0) and the bilayer can be assumed as nearly short
circuited by its polarization path. However, to consider a possible re-
sidual bilayer contribution at this frequency R, was corrected further by
subtracting the real part of the calculated bilayer impedances.

In order to determine the capacitance, electrostatic FEM simulations
in Comsol Multiphysics were carried out for all investigated CI geome-
tries (Fig. 1). In the simulation, one of the two SEs under consideration
had a potential of 50 mV, while the second SE had a potential of -50 mV.
The geometry of the FEM simulation models for the four investigated CI
electrode types were taken as depicted in Fig. 1. For the electrode car-
rier, polydimethylsiloxane (PDMS) with a relative permittivity of &, =
2.69 [41] was used and the stimulation Pt-electrodes were assumed as
perfect electric conductors in the model. In the simulation, the CI elec-
trodes were placed in the middle of a cylindrical hole of 0.9 mm radius
and a length of 26 mm filled with saline (&; = 80.21 at 20 °C [42]) in an
epoxy cylinder. The epoxy cylinder with ¢, = 3.50 [21] had an outer
radius of 7 mm and a length of 30 mm. The capacitance was calculated
by dividing the charge on the positive charged SE by the potential dif-
ference. Additionally, the CI electrode was simulated in the middle of an
air cylinder with &, = 1, a radius of 20 mm and a length of 60 mm.

3. Results

In order to determine the EEC of the four CI electrodes investigated,
differences in their design and impedance spectroscopic measurements
were analyzed. As the model in Fig. 3 constitutes an under-determined
system, firstly elements Rya, Ryp, Cap Were determined separately. The
bilayer properties Qgpg, ¢cpg, Rp, Cp, Mg, m¢ and the medium properties
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Ry, Cp, were calculated afterwards by two different bilayer models.

3.1. Connecting wire properties: resistances and capacitances

Fig. 6 left shows the measured resistances (raw data) to each SE of
the investigated CIs measured with a Pt-wire contact. The relationship
between the resistance of the wires and the distance of the SE from the
connector at the basal end was directly proportional and could be fitted
linear. The Oticon electrode showed an exceptional resistance step in the
raw measurements between SE10 and SE11. The reason were different
lead lengths at the rear connector resulting in SE1 and SE11 having the
longest leads inside the connector and SE10 and SE20 the shortest. A
further exception was the most basal contact SE20 that had a signifi-
cantly larger wire diameter of 50 ym than the other wires with 25 ym
(personal communication: Oticon Medical). Normalization of the
measured resistance to the silicone carrier length and the length of leads
in the connector resulted in nearly constant estimated resistance per
effective length (Fig. 6 right and supplementary information Figure S1)
with averages of 5.15 + 0.08 Q/cm for Oticon EVO, 6.35 + 0.12 Q/cm
for MED-EL FlexSoft, 7.94 + 0.09 Q/cm for Cochlear Nucleus CI622 and
16.30 + 0.44 Q/cm for AB HiFocus SlimJ. The slopes of the linear fit
provide the following resistances between two neighboring SEs: 0.84 Q
for MED-EL FlexSoft, 1.35 Q for AB HiFocus SlimJ, 1.76 Q apical and
1.43 Q basal for Oticon EVO (SE20 excluded) and 0.84 Q for Cochlear
Nucleus CI622.

3.2. Capacitance between stimulation electrodes

The measured capacitances between neighboring electrode pairs
measured in air ranged from 7.46 pF to 20.36 pF across all four CI
electrodes. Although a trend towards smaller capacitances with
increasing spacing could be observed, the results were far less systematic
than for wire resistances (Fig. 7 left). Normalization of the measured
capacitances to the silicone carrier length and the length of leads in the
connector resulted in capacitances per effective length between 0.50 +
0.09 pF/cm for Oticon EVO and 1.31 + 0.14 pF/cm for AB HiFocus
SlimJ (Fig. 7 right, supplementary information Figure S2).

For segregation of the wire from the SE contributions, the capaci-
tances between two SEs were determined by FEM simulation of the
geometries shown in Fig. 1 in air, resulting in values between 16.03 fF
and 27.53 fF (Fig. 8 left). As the results from the simulation amount to
maximally 0.37 % of the total measured wire capacitance of the array for
neighboring SEs, the medium capacitance can be assumed as negligible
in the air measurements. The capacitances determined by FEM simula-
tion in a linear volume filled with the electrolyte between the SEs
resulted in values between 0.35 pF for Cochlear and 1.07 pF for Oticon.
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Fig. 6. Left: Measured wire resistances of the investigated cochlear implants MED-EL FlexSoft (blue), AB HiFocus SlimJ (red), Oticon EVO (green) and Cochlear
Nucleus CI622 (purple). The resistance of the most basal contact (SE20) from Oticon EVO was significant lower due to a larger diameter. Right: Normalized wire
resistances to the length of electrode array and associated connector (effective length).
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In contrast, when perilymph instead of air was assumed as the sur- 3.3. Bilayer model parameters
rounding medium in the FEM simulation (Fig. 8 right), capacitances
amounted to a maximum of 14.34 % of the total measured capacitance With the findings of the previous sections, the parameters for the
and were therefore considered in the following calculations. two-bilayer models could be calculated including the measured data for

Rwya, Rup, Cap and Cp, into the EEC. The results for the whole EEC are

Table 3
Example parameter set for the electrical equivalent circuit with a Cole-Cole bilayer model for the two most apical (functional) identical SEs.
Bilayer parameters MED-EL FlexSoft (SE3 Advanced Bionics HiFocus SlimJ Oticon EVO (SE1 vs  Cochlear Nucleus CI622 (SE2
vs SE4) (SE1 vs SE2) SE2) vs SE3)
Measured/simulated Rua [Q] 39.55 77.95 57.85 68.40
parameters Ry [Q] 40.38 77.2 57.80 68.55
Cab [PF] 9.21 14.53 12.10 17.83
Cm [pFl 0.46 0.48 0.96 0.51
Calculated parameters R, [kQ] 3.64 3.11 0.54 1.42
PEa = 148.93 141.57 977.20 156.68
Qcpip [nFes™']
& = depra = bepms 0.81 0.77 0.61 0.82
[-]
Rra = Rpy [MQ] 5.50 20.20 0.68 4.67
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summarized in the following two sections for the Cole-Cole bilayer
model and the Schwan-Faraday bilayer model. In both cases, the two
active SEs and their electrode-electrolyte interface were assumed
identical.

3.3.1. Cole-Cole

As an example, the calculated parameters of the two most apical
intact, neighboring SEs with a Cole-Cole bilayer model for all investi-
gated CI types are summarized in Table 3.

The correspondence between the measured and calculated imped-
ances from the model with the respective parameter sets from Table 3
are shown in Fig. 9. For each implant the most apical intact SE combi-
nation is depicted as an example.

Table 4 summarizes the averaged relative errors over the whole
frequency spectrum between the calculated complex impedance,
magnitude and phase angle related to the measurements for the most
apical SE combination and as an average over all neighboring SE com-
binations for all four implants.

3.3.2. Schwan-Faraday

Table 5 summarizes the calculated values for the Schwan-Faraday
bilayer parameters for the most apical intact, neighboring SE combi-
nation of the four CI electrodes.

Fig. 10 shows the correspondence between the measurement data
and the calculated complex impedance Z, magnitude |Z| as well as the
calculated phase angle ¢ with the EEC in Fig. 3 including a Schwan-
Faraday bilayer model and the calculated parameter values in Table 5.

The averaged relative errors over the whole frequency spectrum
between the calculated complex impedance, magnitude and phase angle
related to the measurements for the most apical SE combination and as
an average across all neighboring SE combinations for all four implants
are summarized in Table 6.

4. Discussion

In this study we developed an electrical equivalent circuit (EEC) to
describe the basic electric properties of cochlear implant electrode ar-
rays when employed in a 2-pole configuration for high resolution
impedance spectroscopy. The model is based on linear elements to
describe the properties of the array in combination with two common
non-linear electrochemical bilayer models, the Cole-Cole and the
Schwan-Faraday model, of the electrode-electrolyte interface. As even
the simple model constitutes an underdetermined system, measure-
ments and FEM simulations were carried out to determine the lacking
electrical parameters of four exemplary commercial CI electrode arrays
(MED-EL FlexSoft, AB HiFocus SlimJ, Oticon EVO, Cochlear Nucleus
CI622). The model was applied to measurement data of the array in a
simple cylindrical geometry filled with artificial perilymph and the ac-
curacy of the model was determined. An exemplary measurement is
shown in Fig. 11 for illustration.

As described in Section 2.2, the CI electrode array was modeled by a
simplified EEC consisting of two linear parts — the wires in the silicone CI
carrier and the electrolyte — and a non-linear electrode-electrolyte
interface describing the bilayer.

At low frequencies, with C,;, < 18 pF and Ry, < 78 Q (Table 3) the
capacitive pathway between the wires and with C,, < 1.1 pF (Table 3,
FEM simulation) and R,, < 4 kQ (Table 3), the capacitance of the me-
dium can be neglected for f < 2 MHz for all electrode arrays. The low
frequency impedance is dominated by the bilayer up to < 50 kHz where
|Zpitayer| > 2Rwa + 2Rwp, + Ry for all investigated electrodes. This esti-

mate justifies the appropriate choice of the frequency range for the
determination of parameters of the Cole-Cole and the Schwan-Faraday
bilayer model (Fig. 5) in retrospective. Above 50 kHz the measured
impedance becomes mainly ohmic, characterized by a maximum in
phase angle, although in all measurements a clear ohmic plateau region
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was not identifiable.

At high frequencies, the impact of Cy;, and Cp,, becomes visible in the
measurements. Assuming R, < 4 kQ and C,;, < 18 pF (Table 3) results in
a worst case corner frequency > 2.2 MHz where a capacitive effect be-
tween adjacent electrodes becomes significant in measured impedances
(Fig. 11). Although, a first order estimate of independent neighboring
electrodes fits quite well our results, electrodes in the array are inter-
connected by their relative wire capacitances and the respective re-
sistances of the electrolyte. Hence, measurements of all possible pairs of
stimulation electrodes lead to lower corner frequencies specifically for
more distant electrode pairs (see Fig. 12).

As a consequence of the narrow gap between the frequency limits, a
clear plateau where the resistance dominates was not identifiable in all
measurements. Nevertheless, a clear separation into three frequency
ranges dominated by (1) a bilayer impedance, (2) a resistive domain
given by the electrolyte and (3) a high frequency region where a sig-
nificant amount between wires start to contribute to the 2-pole resis-
tance is possible.

Although, the frequency window allowing direct access to the purely
resistive pathway between neighboring electrodes is restricted, the
resistance of the electrolyte and thus the concentration can be deter-
mined with sufficiently high accuracy. Using the average impedance
between 50 kHz and 500 kHz even minor changes in the medium can be
resolved, such as the impedance change due to the diameter change of
the array between SE10/SE11 of the Oticon EVO electrode array (see
Fig. 12, right) or the tapering of the AB HiFocus SlimJ, MED-EL FlexSoft
or Cochlear Nucleus CI622 electrode arrays (data not shown). The same
applies to measurements across more distant SE pairs, although the
upper frequency limit is reduced. As can be seen in Fig. 12, the upper
corner frequency is substantially shifted to lower frequencies < 10 MHz
with increasing SE distance. In cases of more distant SE pairs, as shown
by a detailed analysis, the entire network has to be considered,
explaining the downshift in corner-frequency and the high-frequency
slope < 1 for the logarithmic magnitude (data not shown). However,
this effect remains minimal in neighboring electrode pairs (see Fig. 12)
and was neglected in our current analysis.

The calculated resistances of the electrolyte from the analysis be-
tween neighboring SEs differ between investigated CI arrays and along
the length of each array (supplementary information Table S2 and S3).
The Oticon EVO had the lowest average medium resistance of R, = 0.51

+ 0.06 kQ for Cole-Cole model (0.52 + 0.05 kQ for Schwan-Faraday

model), followed by Cochlear Nucleus CI622 with 1.77 + 0.48 kQ
(1.70 + 0.42 kQ), Advanced Bionics HiFocus SlimJ with 2.00 + 0.33 kQ
(1.93 + 0.34 kQ) and MED-EL FlexSoft with 4.75 + 1.43 kQ (4.68 +
1.41 kQ). As the differences in R;,, between both models were generally
small (< 5 %), the medium resistance R, between two SEs depends on
the cross section available for the current, their distance and the electric
conductivity of the artificial perilymph, when considering the perilymph
dominating the conductivity of the medium/material surrounding the
SEs. Estimating R, from the electrolyte filled (~15 S/m) effective cross
section, assuming a bore hole of 1.2 mm diameter and deducting the
cross section of the isolating silicone carrier of the respective electrode
array (see Fig. 1), led to values reflecting the available effective cross
section for the electrode in the same order of magnitude, but approxi-
mately half the size. However, taking into account that (1) the electrode
geometry is far from a parallel plate capacitor configuration, (2) SEs
differ significantly in size (Table 1) and (3) that SEs are asymmetrically
arranged in the hole, the measured medium resistances Ry, are therefore
in a plausible range. This is also supported by the Oticon design with the
largest electrode area covering the entire circumference, resulting in the
lowest R,,. A more accurate comparison would have required the exact
knowledge of the position and orientation of the electrodes in combi-
nation with a FEM model analysis.
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Fig. 9. Correspondence between the calculated (black dotted lines) impedance magnitude |Z| and phase angle ¢ and the measurement data (colored solid lines) for
the Cole-Cole bilayer model. As an example, the most apical intact SE combination of the four CI electrodes MED-EL FlexSoft (blue), AB HiFocus SlimJ (red), Oticon
EVO (green) and Cochlear Nucleus CI622 (purple) is shown.
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Table 4
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Average errors across all neighboring SE combinations for the calculation of magnitude, phase angle and complex impedance related to the measured values over the

whole frequency spectrum with a Cole-Cole bilayer model.

Errors (average across all frequencies) MED-EL Advanced Bionics HiFocus Oticon EVO Cochlear Nucleus
FlexSoft SlimJ CI622

Most apical SE combination Magnitude ez [%] 6.88 + 3.98 3.82 + 4.11 6.24 + 5.99 3.94 + 3.16
Phase angle e, [°] 2.98 +1.49 1.85 +2.01 1.90 + 1.04 2.06 +2.26
Complex impedance ez 9.51 + 2.65 5.64 + 4.83 7.82 + 5.30 5.97 + 4.42
[%]

Average of all neighboring SE Magnitude ez [%] 8.36 + 1.08 3.94 +£1.24 5.88 £ 2.17 5.51 +£1.92

combinations Phase angle 2, ['] 3.69 + 0.59 1.63 + 0.58 559 +322  2.22+0.50
Complex impedance &, 11.62 +1.43 5.43 £1.74 12.81 + 7.44 £2.27
[%] 6.19
capacitance remains somehow unexplained.
Table 5

Exemplary parameter sets for the electrical equivalent circuit with a Schwan-
Faraday bilayer model for the two most apical (functional) identical SEs.

Bilayer parameters MED-EL Advanced Oticon Cochlear
FlexSoft Bionics EVO Nucleus
(SE3 vs HiFocus (SE1 vs CI622
SE4) SlimJ (SE1 SE2) (SE2 vs
vs SE2) SE3)
Measured/ Rya [Q] 39.55 77.95 57.85 68.4
simulated Rup [Q] 40.38 77.20 57.80 68.55
parameters Cab [PF] 9.21 14.53 12.10 17.83
Cm [pFl 0.46 0.48 0.96 0.51
Calculated R [kQ] 3.56 3.04 0.55 1.36
parameters Cpa = 123.56 99.04 600.24 121.17
Cpp [nF]
Mcq = Mep 0.81 0.78 0.62 0.83
[-]
Rpa = Rpp 261.90 498.67 230.45 224.16
[kQ]
Mgq = 0.69 0.72 0.63 0.69
mgp [-]
Rra = Rpp 2.78 9.11 1.21 3.83
[MQ]

4.1. Wire properties

The wire resistances Ry, and Ry}, were measured individually for
each SE of every CI electrode with a non-electrolytic metallic contact as
they cannot be determined from the impedance measurement in the
electrolyte. Although our analysis of effective resistance and capacitance
per unit carrier length was performed taking only the length between SE
and connector, without distinction between the different sections
(connector, wire, electrode array), the wire resistances had 1-3 %
standard deviation between different electrodes. Oticon EVO electrodes
had the lowest resistance/effective length of 5.15 + 0.08 Q/cm (sup-
plementary information Figure S1), excluding SE20, the most basal
electrode that has a significant lower resistance due to a different wire
diameter (personal communication: Oticon Medical), followed by MED-
EL FlexSoft with 6.35 + 0.12 Q/cm and Cochlear Nucleus CI622 with
7.94 + 0.09 Q/cm resistance/effective length. AB HiFocus SlimJ showed
the highest resistance/effective length of 16.30 + 0.44 Q/cm.

In contrast to resistance the capacitance per unit length was less
predictable by the effective length with 6-26 % standard deviation. As
for resistances, Oticon EVO electrode had the smallest capacitance/per
effective length of 0.50 + 0.09 pF/cm (supplementary information
Figure S2), followed by MED-EL FlexSoft (0.91 + 0.24 pF/cm), Cochlear
Nucleus CI622 (1.08 + 0.07 pF/cm) and AB HiFocus SlimJ (1.31 + 0.14
pF/cm). Interestingly, a lower wire capacitance was seen in the case of
11v12 and 1v2 - 5v6 for the MED-EL FlexSoft array. This could be due to
inherent variability (arising from its construction or material) or the
different geometry of the electrodes symmetrically on both sides at the
basal end or on one side at the apex. However, the latter argument does
not apply for the most basal electrode (11v12) and the lower

10

The configuration of leads in the silicone carrier is usually deter-
mined by more factors than electrical alone, such as mechanical prop-
erties during handling, insertion or manufacturing. From an electrical
viewpoint straight wire bundles (Oticon) minimize resistance and
capacitance for a given carrier length and a zigzag design (MED-EL) to a
lesser extent, whereas a coiled bundle design (AB, Cochlear) results in
higher wire resistance and capacitive crosstalk between the connection
wires. In contrast to the wire resistance that is accurately predictable
from the geometry and the carrier length, capacitances between pairs
are highly variable, especially for the zigzag design and probably
depend more on arbitrary distribution in the bundle and silicone carrier.

4.2. Bilayer models

For the Cole-Cole model example, the bilayer capacitance param-
eters Qcpra and Qcpgp, are between 141.47 nF 5923 for AB HiFocus SlimJ
and 977.20 nF s for Oticon EVO (Table 3). For an electrolyte con-
centration of 0.15 mol/l artificial perilymph, the Debye length can be
assumed as ~1 nm [36] and the relative permittivity of artificial peri-
lymph can be estimated for low concentrations as ~80. Assuming a
linear capacitance of the bilayer with a distance of the Debye length,
results in case of the Oticon EVO example (Table 1, 0.46 mm?) in 325.83
nF being in the range of Cole-Cole model results at low frequencies.

The Faraday resistances Ry, and Ry, in the example are 0.68 MQ for
Oticon EVO, 4.67 MQ for Cochlear Nucleus CI622, 5.50 MQ for MED-EL
FlexSoft and 20.20 MQ for Advanced Bionics HiFocus SlimJ (Table 3),
being roughly inverse to the SE areas, except for MED-EL. The statistical
distribution shows a pronounced variability (supplementary informa-
tion Table S2 and S3). This may have its origin in the fact that the low
frequency limit is not reached at our lowest investigated frequency,
resulting in reduced accuracy in Rg, and Rpp.

The parameters for the Schwan-Faraday model also differ between
the investigated CI electrodes. The derived medium resistances R, were
similar for both models (Table 5). The calculated values for the polari-
zation capacitances Cp, and Cpy, (with a frequency exponent m¢ < 1)
were in the same range as the bilayer capacitance parameters Qcpg, and
Qcprp in the Cole-Cole model, ranging from 99.04 to 600.24 nF. The
polarization resistances Rp, and Rp,, were smaller ranging from 224.16
kQ (Cochlear Nucleus CI622) to 498.67 kQ (AB HiFocus SlimJ).

When comparing the accuracy of the two models to the measured
data deviation of the complex impedance Z according to (eq. (3)), errors
across all neighboring electrodes ranged between 5.43 + 1.74 % (AB
HiFocus SlimJ) to 12.81 4+ 6.19 % (Oticon EVO) for the Cole-Cole
approach and between 6.03 + 1.78 % for AB HiFocus SlimJ and 10.41

=+ 1.26 % for MED-EL FlexSoft for the Schwan-Faraday approach.
Average errors in magnitude alone (eq. (1)) were between 3.94 +
1.24 % (AB HiFocus SlimJ) to 8.36 + 1.08 % (MED-EL FlexSoft) when
the Cole-Cole approximation was used and between 3.24 + 0.90 % (AB
HiFocus SlimJ) to 7.36 + 1.14 % (MED-EL FlexSoft) for the Schwan-
Faraday model. Thus, both approaches showed no significant
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Fig. 10. Correspondence between the calculated (black dotted lines) impedance magnitude |Z| and phase angle g.and the measurement data (colored solid lines)
using the Schwan-Faraday bilayer model. As an example, the most apical intact SE combination of the four CI electrodes MED-EL FlexSoft (blue), AB HiFocus SlimJ
(red), Oticon EVO (green) and Cochlear Nucleus CI622 (purple) is shown.
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Table 6
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Average errors across all neighboring SE combinations for the calculation of complex impedance, magnitude and phase angle related to the measured values over the

whole frequency spectrum with a Schwan-Faraday bilayer model.

Errors (average across all frequencies) MED-EL Advanced Bionics HiFocus SlimJ ~ Oticon EVO  Cochlear Nucleus CI622
FlexSoft
Most apical SE combination Magnitude ez [%] 5.05 + 3.57 3.64 + 3.88 5.05+5.25 4.33 +3.73
Phase angle ¢, [°] 3.24 +1.67 2.63 + 1.64 1.04 +£0.61  3.56 + 2.20
Complex impedance ez [%] 8.04 + 3.47 6.53 + 3.98 5.67 £5.07 8.01 +5.00
Average of all neighboring SE combinations Magnitude ez [%] 7.36 £ 1.14 3.24 + 0.90 5.12 + 1.47 4.00 +1.10
Phase angle e, [°] 3.46 + 0.47 2.57 £ 0.85 3.84+1.83 3.20+0.86
Complex impedance &z [%] 10.41 + 1.26 6.03 +£1.78 9.32+3.19 7.36 +1.77

10° T . . 0
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electrolyte-interface arteay

Impedance magnitude [Z] in
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Fig. 11. Exemplary measurement of the impedance between SE1 and SE2 of
the Oticon EVO electrode. Magnitude of impedance |Z| (black, solid) and phase
angle ¢ (grey, dotted). The measurement shows a non-linear low frequency
range (orange), where the electrode-electrolyte interface dominates, a close-to-
resistive (with a maximum phase angle around 1 MHz, blue) and mid-frequency
range before the (wire) capacitances start to become effective at high fre-
quencies (green).
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difference in performance to model the impedance magnitude. Relative
average errors in phase (eq. (2)) across all frequencies remained below
5.59° for all models and electrode types.

To investigate the ability of both models to capture the measurement
data, additionally, a statistic analysis for different frequency ranges was
performed (supplementary information Table S4 and S5). Mean errors in
impedance (eq. (3).) were usually less at low frequencies, where also an
advantage of the Schwan-Faraday model was apparent to capture low
frequency features. Moreover, errors were usually significant for fre-
quencies > 1 MHz indicating that the simplified network assumed in this
study might be less appropriate at high frequencies.

A typical biphasic pulse with 25 ps phase duration and 7 ps inter-
phase gap has a fundamental frequency of approximately 16 kHz and
higher harmonics. Thus, currently available CIs mainly convey energy in
the mid and high frequency range between 10 kHz and 13 MHz and
would be mostly affected by the electrolyte and electrical properties of
the CI electrode, such as wire arrangement and SE geometry. To enable
the full potential of precision impedance spectroscopy to differentiate
cell types [15], sufficient coverage of the measuring signal over an
extended frequency range is required. Varying the pulse repetition rate
in existing CIs could be a possibility to implement a close to conven-
tional impedance spectroscopy. E.g. in Cochlear Ltd. devices, it is
possible to vary the frequency in the fitting software between 250 and
1800 pulses per second by increasing the time between two pulses. In
principle this allows the extension to lower frequencies of the stimula-
tion frequency, but usually not as a continuous band. Similar medical
devices with adequate size for implants show that continuous stimula-
tion frequencies up to 0.2 MHz can be used for impedance spectroscopy
in the body [43]. Hence, appropriate circuits might be integrated into
current devices covering the frequency range up to a few hundred kHz
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Fig. 12. Left: Impedance magnitude |Z| measurement of the Oticon EVO electrode between 5 Hz and 13 MHz for all stimulation electrodes versus the most apical
stimulation electrode SE1. Measurements were performed in a straight cylindrical volume of 1.2 mm diameter filled with artificial perilymph of 14.92 mS/cm
conductivity. Right: Impedance matrix derived from an estimate of the resistive part (avg. |Z| between 50 kHz - 500 kHz).

12



M. Sehlmeyer et al.

with reasonable accuracy. Although possible, the latter is not imple-
mented in current CIs. Thus, the possible range of pulse duration vari-
ation and its resulting frequency restrict the implementation in today’s
devices.

Here we addressed the impact on impedances measured with several
electrode arrays using a simple electrical equivalent circuit with two
non-linear bilayer models in a 2-pole configuration. Although, mea-
surements against a reference are common, a 2-pole setup has the
advantage that it can be used in a defined environment with the best
spatial resolution to study the basic properties. Common reference
electrodes include the unknown properties of the return pathway
[16-18] and a geometrical model of the cochlea surrounding, whereas
4-pole configurations suffer from the necessity to model the current
pathway [20]. Our approach allows to determine the variables that
constitute this underdetermined system, such as wire resistance and
crosstalk. Both can be measured before implantation as these are un-
likely to change over time. The other properties can be determined by
the 2-pole impedance spectroscopy with a reasonable accuracy of
approximately 10 % in all investigated electrodes. Further the
Schwan-Faraday bilayer model describes the measurement data slightly
better than the Cole-Cole bilayer model. Moreover, in contrast to stim-
ulation against a common reference electrode, it allows the estimation of
the capacitive interaction between connections, independent of the
pathway along the cochlea.

However, some compromises in our approach were made and
possibly the accuracy can be increased further. Firstly, the 2-pole EEC
may be too simple to describe some properties in detail. For example, the
wire capacity and resistance will be distributed and a transmission line
model may be more appropriate. Secondly, for calculation of the effec-
tive wire resistance and capacitance, different sections, such as the
wiring in the connector, in the leads to the electrode array and in the
electrode array were not distinguished. Here a distinction between
different sections may be helpful to separate their respective contribu-
tions. Thirdly, in the scope of the present study only neighboring SE
combinations were considered. As can be seen in measurements that
bridge more than neighbors (see Fig. 12) not only the resistance of the
medium is increased, but equally the high frequency roll-off and its
corner frequency. This and the increased error at high frequencies is an
indicator that beside the capacitive pathway the entire resistive pathway
contributes and has to be considered as a whole. Nevertheless, the
introduced simplified EEC is with an accuracy of approximately 10 % a
good basis for further optimization.

The presence of different tissues and cells around the electrode af-
fects the impedance spectrum, allowing for the differentiation between
fibrotic and normal tissue [44]. One bottleneck for CIs is the impact of
the electrical properties of the electrode array itself on the measure-
ments that was addressed here. As a first step, our model is able to
determine this influence of CI electrode arrays on impedance spectros-
copy measurement results. However, differentiating between cell types
using our model can be quite complex due to the overlapping electrical
properties of tissues that also need to be characterized, i.e. the presence
of fibrosis introduces additional components to our model. General
model adjustments like parameter estimation, adding new components
and further model optimization would be required and intended by us in
the future.

Nevertheless, the determination of system parameters, such as the
wire resistance and cross-capacitance needs to be conducted before
implantation in our approach. As this is currently not performed during
manufacturing and specifications are not publically available the alter-
native is the estimation of system parameters. In this aspect our study is
limited as we had only one CI electrode of each design for testing. As
shown in Fig. 6, right and Figure S1, wire resistances per length for the
different stimulation electrodes are nearly constant in each type of all
investigated Cls. Same applies for the cross capacitances per length
(Fig. 7, right and Figure S2). These findings can be used as an estimate
for implanted devices as well, using the resistances and cross
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capacitances per length as an estimate for the EEC’s parameters Ry, ,
Ryp and Cyp,. For other types of Cls, these parameters have to be deter-
mined and provided, e.g. by the manufacturer. However, to generalize it
for other designs and to make a substantiated statement on the expected
distribution and variability of system parameters, a larger sample size of
same electrode types needs to be tested. Moreover, the impact of the
reduced accuracy on measurement results needs to be investigated if
system parameters are replaced by statistical estimates in already
implanted or future devices.

Although we could characterize and model the electrical properties
with sufficient accuracy and the technical integration of impedance
spectroscopy into cochlear implants appears feasible, the legal re-
quirements for an active class III device are not straightforward and the
effort of implementation requires a prior good justification.

5. Conclusion

In conclusion, our study developed and validated an electrical
equivalent circuit (EEC) model to describe the basic electric properties
of cochlear implant (CI) electrode arrays in a 2-pole configuration using
precision impedance spectroscopy. We addressed the underdetermined
nature of the system by measuring lacking parameters independently in
four commercial CI electrode arrays and by incorporating linear ele-
ments and comparing two common electrochemical bilayer models
(Cole-Cole and Schwan-Faraday). The model accurately captured the
impedance characteristics across a frequencies range between 5 Hz — 13
MHz, revealing distinct frequency domains influenced by the bilayer and
resistive and capacitive properties of the arrays. Although the simplified
EEC provided approximately 10 % accuracy, further refinement, opti-
mization, and more comprehensive consideration of electrode array
sections, could enhance precision. Our findings also underscore the
potential of integrating impedance spectroscopy into Cls for advanced
diagnostics, though technical, manufacturing, and regulatory challenges
remain.
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